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Parasegmentsnsure that cells fated to participate in a particular structure are brought together
or maintained at the appropriate locale within developing embryos. Parasegment grooves mark the position
of boundaries that separate every segment of the Drosophila embryo into anterior and posterior
compartments. Here, we dissect the genetic hierarchy that controls the formation of this morphological
landmark. We report that primary segment polarity genes (engrailed, hedgehog and wingless) are not
involved in specifying the position of parasegment grooves. Wingless signalling plays only a permissive role
by triggering the formation of grooves at cellular interfaces deﬁned by the ON/OFF state of expression of the
earlier acting pair-rule genes eve and ftz. We suggest that the transcription factors encoded by these genes
activate two programmes in parallel: a cell fate programme mediated by segment polarity genes and a
boundary/epithelial integrity programme mediated by unknown target genes.
© 2008 Published by Elsevier Inc.Introduction
Much is known about the transcription factors and signalling
pathways that specify cell fates during development. Less is known
about how cell fate speciﬁcation is coordinated with tissue organisa-
tion and remodelling. This is essential to ensure that cells fated to
participate in a particular structure are brought together or main-
tained at the appropriate locale during development.
Notably, developmental boundaries ensure that groups of cells
remain separated. The most striking example is the compartment
boundary that separates the anterior and posterior compartments in
Drosophila imaginal discs. The regulatory mechanisms that establish
this boundary are well characterised (Dahmann and Basler, 1999) but
so far, the downstream components (such as adhesion or cytoskeletal
molecules) that prevent cell mixing have not been identiﬁed (Shen
and Dahmann, 2005). A long term aim of research is to identify the
relevant downstream factors. Some progress has been made for the
boundary that separates the dorsal and ventral compartments of
Drosophila imaginal discs. There, two transmembrane Leucine Rich
Repeat (LRR) proteins have been implicated (Milan et al., 2001).
Another instance of compartmentalisation can be seen in early
Drosophila embryos. There, the basic segmental organisation of the
epidermis, which is speciﬁed at the blastoderm stage, is maintained
through cell divisions and tissue rearrangements (such as germ band
extension and retraction) (DiNardo et al., 1985). In particular, onent).
lsevier Inc.cellular interface, the parasegment (PS) border (Martinez Arias and
Lawrence, 1985), which is established soon after cellularisation, acts
as a clonal boundary throughout development (Garcia-Bellido et al.,
1973; Vincent and O'Farrell, 1992). The cell biological basis of this
boundary remains elusive. In this paper we cannot yet make progress
on this front but instead examine the regulatory mechanisms that
control the formation of PS grooves, which mark this clonal
boundary. First, we provide below a brief overview of Drosophila
segmentation.
A classical view of segmentation in Drosophila is that it proceeds
sequentially through the expression of gap, pair-rule, and segment
polarity genes. Thus, the pair-rule genes, most notably even skipped
(eve) and fushi tarazu (ftz) ensure that the segment polarity genes
wingless, hedgehog and engrailed are expressed in segmentally re-
peated stripes (DiNardo and O'Farrell, 1987; Ingham et al., 1988;
Ingham and Martinez Arias, 1992; Jaynes and Fujioka, 2004).
Speciﬁcally, Eve (in even-numbered segments) and Ftz (in odd-
numbered segments) contribute to repression of wingless tran-
scription and activation of engrailed transcription (see Nasiadka et
al., 2002 for a review). As a result, expression of engrailed andwingless
is initiated in adjacent territories in every segment. Sustained
expression of these genes requires a positive feedback loop involving
the transcription factor Engrailed activating the expression of Hedge-
hog, which signals to adjacent anterior cells to maintain Wingless
expression (DiNardo et al., 1988; Martinez-Arias et al., 1988). The
feedback loop is closed by Wingless signalling, which maintains the
expression of engrailed and hedgehog at the posterior. Thus a signalling
centre is established on either side of each PS border with Hedgehog
expressed at the posterior andWingless at the anterior (DiNardo et al.,
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Wingless regulate the activation of two additional signalling path-
ways, those mediated by Notch and EGFR (Alexandre et al., 1999;
Gritzan et al., 1999; Wiellette and McGinnis, 1999). Together all four
pathways contribute to the characteristic pattern of denticles seen at
the surface of ﬁrst instar larvae. Because of their roles in specifying cell
fates in each segment, wingless, hedgehog and engrailed can be con-
sidered primary segment polarity genes. All other known segment
polarity genes, except perhaps gooseberry encode components needed
to transduce either the Hedgehog or the Wingless signal (Sanson,
2001).
Even though the PS border has been known for a while to be a
clonal boundary, little progress has been made in understanding how
clonal separation is maintained. Genetic analysis has failed so far to
identify components involved in this process, perhaps because of
redundancy or because loss of compartmentalisation may not have
been recognised in the course of screens for embryonic lethal mu-
tations. Indeed to recognise clonal isolation requires tedious assays
that are not easily amenable to high throughput screening. However,
one feature of PS borders that is readily recognised is the transient
formation of a groove at mid-embryogenesis (Martinez Arias, 1993).
Here we investigate the regulatory mechanisms that control the
formation of PS grooves for two reasons. First, because determining
how developmental regulators specify a coordinated set of cell
behaviours is an important current challenge in developmental bio-
logy. Second, it is hoped that the same mechanisms will apply to the
speciﬁcation of PS boundaries. We start by exploring the role of the
primary segment polarity genes in PS groove formation since they are
expressed on either side of the groove. Surprisingly, engrailed and
hedgehog are dispensable. wingless is required for grooves to form
but only in a permissivemanner as activation of theWingless pathway
does not specify the position of grooves. According to our analysis, the
position of grooves is determined by the earlier acting pair-rule genes.
This suggests that, in parallel to activating segment polarity gene
expression, the pair-rule transcription factors activate a programme
that regulates cell behaviour.
Materials and methods
Drosophila stocks
The following stocks were used:wgCX4 (Baker, 1987), enCX1 (Heemskerk et al., 1991),
hhAC (Lee et al., 1992), slpmutant Cyo Δ34B (Grossniklaus et al., 1992), ftz13 (Hiromi and
Gehring, 1987) and Df(2R) eve (Nusslein-Volhard et al., 1985), and ftz-lacZ (Alexandre et
al., 1999). The following Gal4 drivers and responders were used: paired-Gal4 (gift from
C. Desplan, NYU, USA, see (Yoffe et al., 1995), wingless-Gal4 (gift from Jacques Pradel),
engrailed-Gal4 (gift from Andrea Brand, Cambridge, UK), armadillo-Gal4 (Sanson et al.,
1996),wgCX4 UAS-Arm⁎ (Gritzan et al., 1999). UAS-wingless (Lawrence et al., 1995), UAS-
Arm⁎ (UAS-Arm S10) (Pai et al., 1997), and UAS-CiVP16 (Larsen et al., 2003). The
following recombinants were created by standard genetics: paired-Gal4 UAS-LacZ,
enCX1 UAS-Arm⁎, enCX1 armadillo-Gal4. The double mutant combination hhAC; wgCX4
was generated by crossing single mutant parents and the proper embryos were
recognised by their failure to express hedgehog and wg. For the double mutant hhAC;
CyoΔ34B, embryoswith the proper genotypewere recognised by their failure to express
hedgehog and slp.
Embryo collection, staining and in situ hybridisation
Large number of embryos were collected overnight and staged according to
establishedmorphological criteria (Campos-Ortega and Hartenstein,1997). In particular,
mid-stage 11 embryos (when PS grooves are readily seen in wild type embryos) were
recognised by the presence of the clypeolabrum, a structure that forms in all the
genotypes analysed. At least 30 embryos of each relevant genotype and stage were
carefully examined. Standard protocols were used for immunocytochemical staining.
Antibodies used were rabbit anti-β-galactosidase (Cappel; 1/10000), Cleaved Caspase-3
(Asp175) Antibody (Cell Signaling Technology; 1/50),mouse anti-Engrailed (4D9; 1/200),
rabbit anti-Engrailed (gift fromC.H.GirdhamandP.H.O'Farrell, UCSF; 1/100),mouse anti-
Wingless (4D4; 1/1000), anti-Myc (9E10; 1/100) (all from the Developmental Studies
Hybridoma Bank). Texas red-Phalloidinwas fromMolecular probes. Single and double in
situ hybridisationwas performed as described by Alexandre et al. (1999). For preparation
of in situ hybridisation probes, the following cDNAs were used: hedgehog (gift from
Marcel van den Heuvel, Oxford University), wingless (gift from Phil Ingham, Shefﬁeld
University, UK), slp1 (gift from K. Cadigan, University of Michigan, Ann Arbor) and lacZ.Results
Role of primary segment polarity genes
PS grooves form in the ventro-lateral region at the interface
between the cells that express engrailed and hedgehog on the one
hand andwingless on the other (Fig. 1A and Ingham et al., 1985; Baker,
1987; van den Heuvel et al., 1989). Even though the grooves mark a
lineage boundary that is maintained throughout the life of the animal,
their appearance is transient. They appear at early stage 11, about 5 h
after egg laying (AEL) and remain visible until the end of stage 11,
about 7 h AEL (Martinez Arias and Lawrence, 1985; Martinez Arias,
1993). To begin exploring the regulatory mechanisms that control
groove formation, we assessed the role of the three primary segment
polarity genes, wingless, engrailed and hedgehog in this process. No
groove is formed in wingless mutants (Fig. 1B). Although many cells
undergo apoptosis in wingless mutants this does not start until late
stage 11 (Pazdera et al., 1998) and is therefore unlikely to contribute to
the lack of grooves (see also Supplementary Fig.). Consistent with a
role of Wingless in compartmentalisation, the segmental organisation
of the embryonic epidermis is disrupted although this becomes clearly
visible only after stage 11 (Fig. 1F). Surprisingly, grooves are formed in
engrailed null mutants, especially in alternate segments (Fig. 1C)
(Martinez Arias and White, 1988) as well as in embryos lacking both
engrailed and its homolog invected (not shown). This is surprising
considering the key role played by Engrailed in maintaining the
compartment boundary in imaginal discs (Morata and Lawrence,
1975; Kornberg et al., 1985). Interestingly, the PS grooves that form in
engrailed mutants persists at least until stage 13 (Fig. 1D). This is in
contrast with the wild type situationwhereby PS grooves disappear at
late stage 11, the time when segmental grooves form at an out-of-
register location (Martinez Arias, 1993). The grooves that persist in
engrailed mutants cannot be segmental since Engrailed is needed for
segmental groove formation (Larsen et al., 2003). Moreover, they are
located at the anterior of residual Engrailed expression (which can be
seen when the enCX1 allele is used since it produces a truncated
protein that is recognised by a polyclonal antibody). Interestingly the
maintenance of PS grooves in engrailed mutant embryos has a pair-
rule aspect and the speciﬁc segment where grooves appear corres-
pond to those where wingless expression lingers (the pair-rule aspect
ofwingless expression in engrailedmutants has been known for a long
time; DiNardo and O'Farrell, 1987). This correlation is consistent with
the essential role ofWingless in groove formation (Fig.1B). In hedgehog
mutants, weak grooves form (not shown). Such weakening is solely
due to the early loss of wingless expression (earlier than in engrailed
mutants) as grooves can be rescued by exogenous wingless signalling
in hedgehog-deﬁcient embryos (see below). Therefore, Hedgehog per
se is not needed for PS groove formation. In conclusion, of the three
primary segment polarity genes, only wingless is needed for the for-
mation of PS grooves.
To ask if Wingless signalling speciﬁes the position of PS grooves,
Wingless signalling was ectopically activated in wingless mutants. An
activated form of Armadillo (Arm⁎) was expressed in winglessmutant
embryos throughout the paired domain, which includes the normal
position of PS grooves in alternate segments of wild type embryos.
This leads to the rescue of PS grooves, speciﬁcally in the paired domain
(Fig. 2), conﬁrming the role of Wingless signalling in PS groove
formation. This experiment also shows that canonical Wingless
signalling is sufﬁcient to induce groove formation since Armadillo is
the key transducer of canonical signalling (Pai et al., 1997). However,
paired-driven Arm⁎ rescues grooves at the position where they
would normally form in the wild type and not at the edge of the
paired domain. This suggests that Wingless signalling is permissive
for groove formation but does not specify where grooves form.
To ask which cells require Wingless signalling for groove for-
mation, Wingless signalling was re-introduced in a wingless mutant
Fig. 1. Presence or absence of PS grooves in primary segment polarity mutants. Embryos are all at stage 11 except for panel D. Diagram and picture at the top shows the relationship
between PS grooves (PS), segmental boundaries (S) and the domain of expression of two key segment polarity genes, wingless and engrailed. (A) Expression of wingless mRNA
(purple) and Engrailed protein (brown) in wild type embryo. PS grooves form precisely between the wingless-expressing and engrailed-expressing cells (red arrow in high
magniﬁcation box). (B) Expression of Engrailed (brown) in awg CX4 embryo. Note the absence of PS grooves. (C) Expression ofwinglessmRNA (purple) and Engrailed protein (brown)
in an enCX1 embryo. PS grooves are present and their depths correlate with residual expression ofwingless (blue arrow). (D) Same genotype and expression pattern as in panel C but at
stage 13. The PS grooves persist even at late stages while inwild type embryos, they disappear at late stage 11. (E) Lateral view (focused on the ventral midline) of a wild type embryo
stained with Phalloidin (red). The cells abutting PS grooves change their morphology. They have a smaller apical surface (white arrow). (F) Ventral view of a wgCX4 embryo
overexpressing lacZ under the control of engrailed-Gal4. The loss of PS grooves correlates with disruption of engrailed stripes. The precise boundary between wingless and engrailed
cells that characterises the ventral side of the wild type embryo (shown in panel G) is disrupted.
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Gal4 was used to express Arm⁎ at the anterior and engrailed-Gal4
was used for the posterior. One complication is that wingless-Gal4 is
not maintained in a wingless mutant (because this driver requires an
input from Hedgehog whose expression requires Wingless). There-
fore, we introduced a cell-autonomous feedback loop by co-
expressing an activated form of Ci (Larsen et al., 2003), a key
transducer of Hedgehog signalling, along with Arm⁎ (both under the
control of wingless-Gal4 and in a wingless mutant background). As
can be seen in Fig. 3B, grooves are rescued in such embryos although
in a variable manner. This suggests that activation of Wingless
signalling at the anterior of the grooves is sufﬁcient to rescue groove
formation, even in the absence of signalling at the posterior side. Forthe converse experiment, to assess the role of Wingless signalling in
the engrailed domain, another challenge presents itself. Expression of
Arm⁎ in the engrailed domain of a wingless mutant provides all the
conditions for the formation of strong segmental grooves (see Larsen
et al., 2003). To overcome the possible confusion between the two
kinds of grooves, we performed the experiment in the absence of
Hedgehog, which is required for segmental grooves to form. No
groove (segmental or parasegmental) can be seen in wingless
hedgehog double mutants that express Arm⁎ in the engrailed domain
(Fig. 3D). We conclude that Wingless signalling in the engrailed
domain is not sufﬁcient for groove formation while, as suggested by
the previous experiment, signalling at the anterior side of the groove
rescues grooves partially.
Fig. 2. The role of Wingless in PS groove formation is permissive. (A, B) wg CX4 embryo
expressing activated Armadillo (A⁎ in this and all subsequent ﬁgures) and LacZ under
the control of paired-Gal4. (A) Side view and (B) high magniﬁcation of the same
genotype stained for Wingless and LacZ. The wingless mutants were selected for the
absence of Wingless staining. Expression of Arm⁎ in the paired domain restore the
formation of PS grooves at their normal position and not at the edges of the paired
domain.
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polarity genes
Our results so far suggest that the position of grooves is
predetermined independently of segment polarity genes since
Engrailed and Hedgehog are not required and Wingless appears to
be permissive. To ask if other cellular interfaces are competent to
make a PS groove, Wingless was expressed ubiquitously. One con-
sequence is that engrailed expressionwidens towards the posterior by
2–3 cell diameters (Noordermeer et al., 1992), consistent with the
positive role of Wingless signalling on engrailed expression. As seen in
Fig. 4A, an ectopic groove forms at the posterior edge of each ex-
panded engrailed stripe. Despite this correlation, formation of these
ectopic (as well as the endogenous) grooves does not require engrailed
expression since uniform expression of Arm⁎ in engrailed mutant
embryos still leads to the formation of ectopic grooves (Fig. 4B). Note
that these ectopic grooves must be parasegmental (and not seg-
mental) since engrailed is required for the formation of segmental
grooves (Larsen et al., 2003). In hedgehogmutants, uniform expression
of Arm⁎ (not shown) orWingless (Fig. 4C) also causes the formation of
ectopic grooves, another conﬁrmation that Arm⁎-induced grooves are
parasegmental. Interestingly in both engrailed (not shown) and hed-Fig. 3.Wingless signalling is required at the anterior, not the posterior side of the boundary.
wingless-Gal4. Embryos with the proper genotype were selected for the absence of Wingless
formation of PS grooves (red arrows) correlating with the presence of activated Armadillo
control of engrailed-Gal4 and stained for Engrailed. The presence of Wingless signalling onlgehog (Fig. 4D) mutants, Wingless-induced PS grooves persist at later
stages. This suggests that, perhaps, segmental groove formation
(which requires engrailed and hedgehog) contributes to the disap-
pearance of PS grooves. We conclude that uniform activation of
Wingless signalling reveals two predetermined cellular interfaces per
segment where PS grooves can form. Even though the position of
ectopic grooves corresponds to the posterior edge of the competence
domain of engrailed expression, Engrailed itself is not involved in PS
groove formation.
Upstream of segment polarity genes lay the pair-rule genes.
Because these are expressed in alternate segments, distinct regula-
tory rules apply to the activation of primary segment polarity genes
in even- and odd-numbered segments. For example, Ftz activates
engrailed expression and represses wingless expression in even-
numbered parasegments while Eve has the same activities in the
complementary set of parasegments (Ingham, 1988). By analogy, a
distinct combination of pair-rule factors could specify the position of
PS grooves in alternate segments. A simple correlation between the
expression pattern of speciﬁc pair-rule genes and the position of
grooves (endogenous and ectopic) is not easily drawn because pair-
rule expression has ceased when PS grooves become visible at early
stage 11. To track the progeny of cells that express ftz at the cellular
blastoderm we introduced a ftz-lacZ transgene in embryos expres-
sing wingless uniformly. Staining for β-galactosidase (which perdures
longer than the actual pair-rule products) at the stage when grooves
are visible shows that endogenous grooves form at the anterior edge
as expected (Fig. 5A). In addition, ectopic grooves form at the
posterior edge of the domain that expressed ftz at blastoderm stage
(Fig. 5B). Therefore blastoderm stage expression of ftz could specify
the position where PS grooves are competent to form in even-
numbered parasegments. Indeed, even-numbered grooves fail to
form in ftz mutants (Fig. 5C). However, this could be caused
indirectly by the loss of wingless expression there (Martinez-Arias
et al., 1988; Ingham and Hidalgo, 1993) (Fig. 5C). To further probe the
role of Ftz, uniform exogenous Wingless was expressed in ftz
mutants. Even-numbered grooves were not rescued (Fig. 5D)
suggesting that Ftz plays a Wingless-independent role in groove
formation. Likewise, no PS groove can be detected in eve mutant
embryos (Howard and Ingham, 1986; Lawrence et al., 1987; Martinez
Arias and White, 1988). In this case, every segment is affected
because Eve has a dual role: regulating segment polarity gene
expression in odd-numbered segments and maintaining ftz expres-
sion in even-numbered segments (Manoukian and Krause, 1992). As
with Ftz, the lack of PS groove is not due to loss of Wingless
expression since exogenous Wingless does not rescue groove(A) wg CX4 mutant expressing activated Armadillo (A⁎) and CiVP16 under the control of
and the presence of a Myc-tagged activated Armadillo (stained with anti-Myc). Note the
. (B) hedgehogAC; winglessCX4 double mutant expressing activated Armadillo under the
y in the ‘Engrailed’ cells of a wingless mutant is not sufﬁcient to restore PS grooves.
Fig. 4. Endogenous and ectopic grooves in wild type and segment polarity mutant embryos. In all panels, Wingless (A, C and D) or Arm⁎ (B) was expressed under the control of the
armadillo-Gal4 driver. (A) Expression of wingless mRNA (purple) and Engrailed (brown). An ectopic PS groove abuts the posterior edge of the expanded engrailed domain (black
arrow). (B) Expression of hedgehog (black) and slp (red) in an enCX1 mutant. Ectopic grooves (black arrow) form despite the absence of engrailed. (C, D) Expression of Engrailed
(brown) in a hhACmutant embryo. Normal (red arrow) as well as ectopic (black arrow) PS grooves can be detected. These PS grooves persist even at later stages (D). Excess Wingless
signalling leads to PS grooves that are deeper than the endogenous ones (high magniﬁcation in panel D).
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grooves are speciﬁed at the edges of the domains where Ftz and Eve
are expressed at blastoderm. Subsequent activation of Wingless
signalling is then needed to reveal or activate the groove-making
programme at these predetermined positions. In the wild type,
Wingless signalling is only present at the anterior edges of the ftz
and eve domains, hence a single groove forms in each segment.
The role of sloppy paired
Two possible models could explain how Ftz and Eve specify
groove position even though they are not expressed at the time of
groove formation. Either some form of imprinting allows cells and
their descendants to ‘remember’ that they expressed (or did not
express) these pair-rule genes (Ingham et al., 1991). Alternatively, an
unidentiﬁed target of Ftz and Eve could provide a temporal link. Slp
is a potential candidate since it is regulated by Eve and Ftz (Cadigan
et al., 1994) and its expression is maintained in the ventral ectoderm
(where grooves form) until the time of groove formation (Fig. 6A).
Furthermore, in embryos that express Wingless uniformly, the edges
of the domain of slp expression match exactly with the position of
both endogenous and ectopic grooves (Figs. 6C, D). Nevertheless, inslp mutants, shallow PS grooves form (Cadigan et al., 1994) sug-
gesting that Slp is not absolutely required for PS groove formation. As
the development of slp mutant embryos proceeds, wide bands of
engrailed expression become stabilised in every even-numbered
segment and deep grooves become visible on both sides of these
expanded engrailed stripes (Fig. 6H). These late grooves must be
segmental, as they do not form in hedgehog slp double mutants (Fig.
6I). To sum up, in slp mutants, weak occasional PS grooves form and
this is followed by the formation of robust segmental grooves.
Because continued wingless expression requires slp (Cadigan et al.,
1994), the weakness and variability of grooves in slpmutants could be
an indirect consequence of the loss of wingless expression. As before
this was investigated by adding exogenous Wingless in slp mutants.
Only weak grooves are detectable (compare Figs. 6G and F) suggesting
that Slp contributes to PS groove formation independently of Wing-
less. As suggested above, a conceivable scenario is that Slp could act as
the intermediate regulator between the pair-rule factors and the
groove-making programme. However, it is important to note that eve
and ftz become misregulated in slp mutants (Cadigan et al., 1994).
Indeed, Slp and Eve are entangled in a negative feedback loop such
that, in the absence of Slp, eve expression expands into the normal slp
territory leading to an ill-deﬁned anterior boundary (Cadigan et al.,
Fig. 5. The pair-rule genes eve and ftz are required for PS groove formation. Diagram and picture at the top shows the relationship between PS grooves (PS), ectopic PS grooves (ePS)
and the domain of ftz expression. Wingless was expressed under the control of armadillo-Gal4 in wild type (A, B), ftz 13 (D) and Df (2R)eve mutant embryos (F). (A) Endogenous PS
grooves (red arrow) adjoin the anterior side of the ftz-LacZ domainwhile deep ectopic PS grooves abut the posterior side of the ftz-lacZ domain, which is 4–5 cells wide (black arrow).
(B) Ventral view of the same genotype showing ectopic grooves forming at the posterior of the ftz-lacZ domain (black arrow). (C) A ftz13mutant embryo showing the loss of Wingless
expression in even-numbered stripes. (D) Ubiquitous expression of Wingless in ftz 13 mutants leads to posterior extension of Engrailed expression only in odd-numbered (Eve
positive) stripes. Note the formation of an ectopic PS groove posterior to the extended En domain (black arrow). (E) In stage 11 eve mutant embryos, no endogenous wingless
expression can be detected in the epidermis and no PS groove is visible. (F) The absence of PS groove in evemutant overexpressingWingless suggests a fundamental role of this pair-
rule gene in establishing these grooves.
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displacement of PS grooves seen in slpmutant embryos. Therefore, Slp
could contribute to PS groove formation solely by virtue of the fact
that it regulates pair-rule gene expression, ensuring sharp boundaries,
and not by acting as a link between pair-rule and segment polarity
genes (Fig. 7). Whether the long lasting role of pair-rule genes in PS
groove formation relies on imprinting remains to be investigated.
Discussion
Early during embryogenesis, a clonal boundary, also called the
parasegment boundary, becomes established deﬁning an anterior and
a posterior compartment within each segment. This boundary is
maintained throughout development and gives rise to thewell-known
compartment boundary that subdivides imaginal discs (Garcia-Bellido
et al., 1973). During stage 11 of embryogenesis, PS boundaries are
marked by the appearance of transient grooves (Martinez Arias, 1993).
We have therefore used these grooves to recognise the position of PS
boundaries although it will be necessary to verify that this is valid in all
circumstances. The pair-rule transcription factors Eve and Ftz have
been known for a while to mark the position of PS grooves (Lawrence
and Johnston, 1989). However, these regulators are best known toorganise segmentation by acting as regulatory intermediate in the
linear cascade that culminates in the segmental expression of segment
polarity genes. Since PS grooves are found in every segment, it was
reasonable to assume that segment polarity genes specify PS grooves
and that pair-rule genes are only important insofar as they regulates
segment polarity gene expression. We ﬁnd that, surprisingly, segment
polarity genes are either unnecessary or merely permissive for PS
groove formation. Notably, Engrailed is not required even though this
regulator is essential for the maintenance of the compartment
boundary in imaginal discs (Garcia-Bellido, 1975). Rather, our work
suggests that the earlier acting Eve and Ftz are involved in groove
formation independently of their well-established role in regulating
the expression of segment polarity genes. In other words, Eve and Ftz
seem to regulate cell behaviour independently of, and inparallel to, cell
fate speciﬁcation. Importantly, these two activities are in register along
the antero-posterior axis so that PS borders act co-ordinately as
signalling sources and clonal boundaries.
Of the three primary segment polarity genes, only wingless is re-
quired for PS groove formation. Wnts are known to activate several
signal transduction pathways: most prominently the planar cell
polarity (PCP) pathway and the so-called canonical pathway, which
regulates target gene expression viaβ-catenin. Using an activated form
Fig. 6. The role of sloppy paired in PS groove formation. (A) Expression of slp in a wild type embryo at stage 11. Expression is seen in 3–4 cells-wide stripes at the anterior of each PS
groove (red arrow) and overlaps with Wingless expression (not shown). (B) Ventral view of a stage 11 wild-type embryo stained for slp (blue) and Engrailed (brown). (C) Ubiquitous
activation ofWingless signalling (with armadillo-Gal4) extends the domain of slp expression (compare to panel A). The slp domain expands anteriorly and is now at least 4 cells wide.
An ectopic PS groove forms just anterior to the extended domain of slp expression (black arrow). Endogenous grooves aremarked by red arrows. (D) Ventral view of an embryo of the
same genotype. Note the expansion of both domains: the Engrailed domain is now 4–5 cells wide as is the slp domain. Together, these two domains cover thewhole parasegment. The
ectopic grooves form at the boundary between the two domains (black arrow). (E–G) Expression ofWingless in various genetic backgrounds. (E) At stage 11,Wingless expression is no
longer detectable in the epidermis of slpΔ34B embryos. PS grooves are barely formed (red arrows). (F) Expression of Wingless under the control of the paired-Gal4 driver in an
otherwise wild type embryos. Note the formation of ectopic PS grooves (black arrow) in every other segment. (G) Same as in panel F but in a slpΔ34B embryo. The formation of PS
grooves (endogenous as well as ectopic) is drastically compromised. (H) engrailed expression in a stage 13 slpΔ34B embryo. Note the formation of ectopic segmental grooves (dorsal
view, black arrowhead) associated with anterior expansion of engrailed expression in even-numbered parasegments. Endogenous segmental grooves form at the right place, at the
posterior engrailed-expressing cells (red arrowhead). (I) In slpΔ34B hedgehogAC double mutant embryos, segmental grooves are absent conﬁrming the role of hedgehog in segmental
groove formation.
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ling is sufﬁcient to trigger PS groove formation even in the absence of
endogenous Wingless. Importantly, this role appears to be only
permissive since uniform Wingless signalling induces PS groove
formation only at positions predetermined by pair-rule gene expres-
sion. Even though no groove forms in the absence of Wingless, no
obvious disorganisation of the germ band is noticeable up to stage 11.
This may suggest that targets of Eve and Ftz could maintain the
organisation of the epithelium during the early period, perhaps by
regulating speciﬁc cell adhesion molecules. In this respect, it is in-
teresting to recall that another tissue reorganisation (germ band
extension) requires pair-rule genes (Irvine and Wieschaus, 1994).
Perhaps the same pair-rule targets are involved in both PS groove
formation and germ band extension. Beyond stage 11, a marked
disorganisation of the germ band become apparent in wingless
mutants (as seen from the dispersion of engrailed-expressing cells;
Fig.1F) suggesting that past a certain stage, the effect of pair-rule genes
wanes and that additional Wingless-dependent mechanisms could be
needed for long term maintenance of clonal restriction.
At the time when PS grooves form, eve and ftz are no longer
expressed. The temporal gap between pair-rule gene expression and
the formation of grooves could, in principle, be bridged by inter-
mediary regulators. A priori, Slp is a good candidate since it is a targetof Eve and Ftz (Fujioka et al., 1995; Nasiadka and Krause, 1999) and is
also a regulator of segment polarity genes like hedgehog, wingless and
engrailed (Cadigan et al., 1994). However, our results suggest that the
role of Slp is simply to ensure that the domains of Eve and Ftz
expression maintain sharp boundaries. We therefore favor the
possibility that some form of regulatory imprinting ensures a long
lasting effect of Eve and Ftz. Interestingly, the cellular interfaces where
PS grooves form in response to uniform Wingless signalling cor-
respond to the edges of so-called ‘competence domains’ (Ingham et al.,
1991). The engrailed competence domain comprises the cells that are
competent to express engrailed in response to ubiquitous Wingless
signalling. The complementary domain responds to Hedgehog
signalling by activating wingless expression and constitutes the
Wingless competence domain, which is also the domain of compe-
tence to express slp. The congruence between the edges of com-
petence domains and the position of PS grooves is illustrated in Fig.
4A, which shows an embryo expressing wingless ubiquitously. As can
be seen, PS grooves form at the edges of the enlarged domain of en-
grailed expression. However, note that grooves still form (at ap-
parently similar positions) in engrailed mutants that express
exogenous Wingless uniformly. We suggest that the edges of the
competence domains and the PS grooves could be speciﬁed by the
same pair-rule dependent mechanism.
Fig. 7. Control of cell fate and PS grooves by pair-rule genes. According to a classic
view, coarse segmental patterning is provided by maternal factors and zygotically
active gap genes. This is further reﬁned by pair-rule and segment polarity genes.
Contrary to expectation, segment polarity genes do not specify the position of PS
grooves. Instead, these are positioned by the ON/OFF state of Eve and Ftz, which
probably regulate unidentiﬁed target genes. Activation of Wingless signalling is
required for execution of the groove-forming programme but does not specify the
position of grooves. The slp gene is required for groove formation insofar as it is a
positive regulator of wingless expression and contributes to the sharp boundaries of
expression of eve and ftz. As such Slp can be considered an intermediary between
pair-rule and segment polarity genes.
317C. Larsen et al. / Developmental Biology 321 (2008) 310−318Clearly an important question of modern developmental biology
is how the various regulatory programmes are translated into
spatially organised cell behaviour. With respect to developmental
boundaries relatively little is known about the cellular basis of
compartmentalisation. One popular idea is that boundaries form
where cells expressing different amounts or different classes of cell
adhesion molecules meet (Milan et al., 2001; Pasini and Wilkinson,
2002). Alternatively, differential regulation of the cytoskeleton could
account for boundaries; accumulation of actin has been reported at
the dorso-ventral boundary of wing imaginal discs (Major and Irvine,
2005). Differential actin accumulation could also account for PS
grooves (see Fig. 1E). Clearly, we are still far from a cellular un-
derstanding of how PS grooves form. It is conceivable that grooves
form at mechanically distinctive cellular interface of the epithelium
(lines of reduced adhesion?). However, it is also possible that they
arise from speciﬁc groove-making cell behaviour. Which of these
possibilities is true should become clearer as the cell biological
effectors of groove formation become identiﬁed. One contribution
from the present work is to precisely deﬁne the upstream control of
groove formation. We suggest that cell biological effectors are likely
to be regulated by the pair-rule factors Eve and Ftz and not by the
transcription factor Engrailed or by Wingless or Hedgehog signalling.
A systematic survey of molecularly identiﬁed target genes of Eve
or Ftz (especially those encoding membrane proteins such as forexample LRR receptors) might lead to the relevant cell biological
mechanism.
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